An extensive comparison of SRK, CPA, and PC-SAFT for the speed of sound in normal alkanes has been performed. The results reveal that PC-SAFT captures the curvature of the speed of sound better than cubic EoS, but the accuracy is not satisfactory. Two approaches have been proposed to improve PC-SAFT's accuracy for speed of sound: (i) putting speed of sound data into parameter estimation; (ii) putting speed of sound data into both universal constants regression and parameter estimation. The results have shown that the second approach can significantly improve the speed of sound (3.2%) prediction while keeping acceptable accuracy for the primary properties, i.e. vapor pressure (2.1%) and liquid density (1.5%). The two approaches have also been applied to methanol, and both give very good results.
INTRODUCTION
The speed of sound is used, in online measurements, to characterize the heterogeneous or homogeneous mixtures or to estimate the density of reservoir fluids down hole. 1−5 Specifically SONAR (Sound Navigation and Ranging) uses sound propagation to navigate, communicate with, or detect objects on or under the surface of the water, and it can even provide some measurements of the echo characteristics of the "targets". 6 An equation of state that describes the speed of sound for a wide range of mixtures accurately can be used to analyze these characteristics and then determine what they are. This will be very useful in quick detection of oil and gas leaks around subsea wells and in clear mapping of oil in seawater columns during the oil cleanup processing.
On the other hand, from the scientific point of view, as a second-order derivative property, the speed of sound is one of the most demanding tests to check the performance limits for a thermodynamic model, and from eq 1, 7 it can be seen that its calculation needs accurate density or volume (V), heat capacity, both isobaric (C P ) and isochoric (C V ), and the derivative of pressure with respect to total volume (∂P/∂V) T,n .
The details of how to calculate these derivatives analytically from an equation of state can be found in Chapter 2 (pages 63−65) of the book of Michelsen and Mollerup. 7 In terms of Helmholtz free energy, the calculation of speed of sound needs its firstand second-order derivatives with respect to both temperature and total volume, and as pointed out by Gregorowicz et al., 8 the precise description of the second derivative properties is a challenge for any EoS model. For instance, most of the classical equations of state (EoS), such as SRK 9 and PR, 10 fail in describing speed of sound reliably in wide temperature and pressure range. 8, 11, 12 This may be due to the intrinsic nature of these EoS, usually applied only to phase equilibria calculations, to the sensitivity of the second order derivative properties performed to a given function, or to the physics behind these properties. A way to discern some of these uncertainties could be to use a molecular-based EoS; these equations should ideally not depend on the particular properties under study and should retain the microscopic contributions considered when building the equation. Meanwhile it needs to be kept in mind that the second-order derivative properties should not be improved at the expense of significant deterioration of the primary properties, such as vapor pressure and liquid density.
The purposes of this work are (i) to review if the applications of SAFT models provide a "theoretically correct" approach to describe the firstand second-order derivative properties simultaneously based on literature; (ii) to validate whether the PC-SAFT model can capture the speed of sound curvature by comparing the results to SRK 9 and CPA; 13−15 (iii) to study if it is possible to improve the performance of simplified PC-SAFT 16 −18 for speed of sound by putting this data into parameter estimation or by refitting the universal constants, while keeping the same number of the pure component parameters.
Several applications of different SAFT approaches on speed of sound found in the literature are reviewed in section 2. Following a short presentation of the models in section 3, a preliminary comparison of existing models for normal hydrocarbons is presented in section 4. Two strategies are proposed and tested for improving PC-SAFT 16−18 for speed of sound in section 5. After some preliminary results for methanol presented in section 6, a detailed discussion and conclusions are given in sections 7 and 8. respectively.
LITERATURE REVIEW ON THE APPLICATION OF SAFT MODELS ON THE SPEED OF SOUND
Over the past two decades, the popularity of the statistical associating fluid theory (SAFT) EoS, based on a perturbation theory for associating fluids proposed by Wertheim, 19 26, 27 and for this reason both of these models are often referred to as "original SAFT". In the work of Huang and Radosz, the authors presented the parameters for many compounds and gave suggestion for the association schemes as well. After this, many different versions of SAFT have followed, some of the successful ones being the SAFT-VR in 1997 by Gil-Villegas et al., 28, 29 the soft-SAFT in 1997 by Blas and Vega, 30−32 and the PC-SAFT in both its original version in 2001 by Gross and Sadowski 16, 17 and the simplified version in 2003 by von Solms et al. 18 In SAFT, molecules are modeled as chains of covalently bonded spheres and the models are typically written as a sum of the contributions to the reduced residual Helmholtz free energy as in the form: where a seg is the part of the Helmholtz energy due to segment− segment interactions, a chain is the term due to chain formation, and a assoc represents the contribution due to association between different molecules, e.g. due to hydrogen bonding. The biggest differences in different SAFT variants are the dispersion term and the choice of reference fluid. Almost all of the different SAFT variants more or less use the same expressions for the chain formation and association terms and include in most cases five pure component parameters with well-defined physical meanings (the segment energy and size, the number of segments, and the association volume and energy). 33 Nowadays this theoretical SAFT-type approach is very popular due to its versatility and the good results obtained for different applications. 33 However, while SAFT's ability to describe the phase equilibria of chain and associating pure fluids and mixtures is well-established, its performance for the simultaneous estimation of firstand second-order derivative properties is still limited and not sufficiently explored. 34 Some of the applications of SAFT family EoS for speed of sound calculations are reviewed below.
Lafitte et al. 34, 35 proposed the SAFT-VR Mie approach to simultaneously describe phase equilibria and derivative properties. In the first paper, they preliminarily checked the performance of the models PC-SAFT, 16 SAFT-VR, 28 and SAFT-VR LJC 36 to describe the derivative properties with molecular parameters fitted to the vapor−liquid equilibrium data only, i.e. vapor pressure and saturated liquid densities, which aims to identify the limitations of these models. Poor agreement of the results from these models with the experimental data made them conclude that all these models fail to describe the speed of sound. As discussed in the article, it sounds like a feasible solution to recalculate molecular parameters for these models by taking into consideration isothermal compressibility data (or speed of sound) in the fitting procedure to overcome this problem. The reported results of these tests indicated a slight improvement on isothermal compressibility estimation results with an important deterioration of the vapor−liquid equilibrium curve. Hence, assuming that the problem in describing accurately the derivative properties was the choice of the intermolecular potential used to model the repulsion and dispersion interactions between the monomers forming the chain, they modified the potential term in the SAFT-VR approach, proposing the SAFT-VR Mie model, which introduces an extra compound-specific parameter related to the shape of the repulsive part of the potential. In addition, they proposed new fitting procedures to include two types of properties, vapor− liquid equilibrium data, i.e. vapor pressure and liquid density, and the speed of sound in the condensed liquid phase. The results of both firstand second-order derivative properties were shown better agreements with the experimental data than the other SAFT models with original parameters. The mentioned %AAD for the speed of sound was around 2%. This work showed the capability of the SAFT-type models for describing both firstand second-derivative properties with good accuracy simultaneously. In the second article, 35 they extended this approach to model vapor−liquid equilibria behavior and second-order derivative properties of alcohols and 1-alcohol + n-alkanes mixtures simultaneously. The extra nonconformal parameter characterizing the repulsive interaction between the monomer segments greatly enhanced the performance of the SAFT-VR theory for the prediction of second derivative properties of the 1-alcohol substances with around 2.5%AAD for the speed of sound. This was due to the fact that in SAFT theory the contact radial distribution function of the segments plays a fundamental role not only in the chain contribution but also in the association contribution with the free energy. 35 In order to get a more precise speed of sound prediction for mixtures from the SAFT-VR Mie model, Khammar and Shaw 37 translated isentropic compressibility estimations for a mixture at a specific composition by adding the molar average error of the predicted pure components isentropic compressibility to the isentropic compressibility of the mixture predicted from SAFT-VR Mie EoS as follows: And then the speed of sound estimation was obtained from: Llovell et al. 38, 39 argued that inclusion of properties other than vapor pressure and saturated liquid density data in the fitting procedure would reduce the predictive capability of the model. So they performed calculations with soft-SAFT 30−32 on second derivative properties with the pure component parameters fitted to vapor pressure and saturated liquid density data only to show the physical soundness of the theory and to address specifically the transferability of the parameters. In addition, the soft-SAFT is able to accurately capture the density singularities related to the critical region by using a crossover treatment which explicitly incorporates a renormalization group term with two extra parameters. 32 Pure n-alkanes and 1-alkanols were modeled in their first article. 38 Their work provided a clear insight into the capability of the SAFT theory to capture simultaneously the vapor−liquid and derivative properties of an associating fluid, but the %AAD of speed of sound for n-hexane and n-heptane at T r = 1.1 are around 20%. In the later work, 39 the %AADs of speed of sound for n-heptane at 0.1 MPa and 101.3 MPa is about 6%.
Diamantonis et al. 40 evaluated the performance of SAFT and PC-SAFT on derivative properties in a wide range of conditions for six fluids that are of interest to the Carbon Capture and Sequestration (CCS) technology. They used a similar approach, as that proposed by Llovell et al., 38 to predict the second-derivative properties using the pure component parameters fitted to VLE data only. The results revealed that both models performed well, especially away from the critical region. PC-SAFT was shown to be more accurate than SAFT for CO 2 , H 2 S, and H 2 O, while two models give comparable accuracies for other components. The average %AAD of the PC-SAFT model on the speed of sound for the six fluids is 2%. These results are not consistent with the point of view of Lafitte, 34 who said that PC-SAFT was not able to describe the speed of sound well, but the author argued that direct comparisons are difficult, since the fluids and conditions examined are not the same. We agree partly with this argument and also want to point out that all the six fluids studied are composed of small molecules.
Very recently, to address the numerical pitfalls, unphysical predictions, and wrong estimations of the pure components' critical properties of the SAFT approaches, Polishuk 41 proposed a SAFT plus Cubic approach, where in SAFT the attractive term of cubic EoS is attached as follows:
where a and c are additional fluid parameters. As pointed out by the author, unlike other SAFT variants, SAFT + Cubic relies on generalizing the regularities exhibited by experimental data rather than approximating the results of molecular simulations. The authors concluded several merits of this approach: (i) free of the well-known disadvantages characteristic for several SAFT approaches, such as the inability to correlate the critical and subcritical pure compound data simultaneously and generating artificial unrealistic phase equilibria; (ii) free of numerical pitfalls; (iii) the smaller number of the pure compound adjustable parameters due to solving the critical conditions to obtain three of the five parameters (for most pure alkanes, one more parameter could be estimated by a empirical expression) when critical properties are available; (iv) relatively modest numerical contribution. This approach demonstrated its superiority on speed of sound calculation compared to SAFT-VR Mie, PC-SAFT, and SBWR for the selected systems both on curvature and accuracy from the figures in their published articles; 41−44 unfortunately, they presented very limited %AAD data explicitly, and also there is very little information about the vapor pressure prediction accuracy. This SAFT + Cubic approach has five parameters for nonassociating compounds and seven for associating ones.
In order to provide a comprehensive understanding of the potentials and limitations of the advanced SAFT family EoS and their improvements over classical models, Villiers et al. 45, 46 have studied the performance of SRK, PR, CPA, SAFT, and PC-SAFT on derivative properties for different component families, i.e., nonpolar, polar nonassociating, and associating, in both the compressed liquid and near-critical regions. On the basis of the fact that the total Helmholtz free energy is expressed as summation of separate contributions and all of the derivative properties could be calculated explicitly from one or more Helmholtz free energy derivatives with respect to temperature or total volume, they analyzed the contributions of individual terms on the final derivative properties and single derivatives. They concluded that, in general, the performance of PC-SAFT is superior in correlating most of the second-order derivative properties of investigated alkanes. A major improvement of the SAFT and PC-SAFT over CPA is its ability to give a better description of the dP/dV derivative. However, as pointed out by the authors, this improvement is still not sufficiently accurate and is the primary reason why the models are not able to correlate the speed of sound accurately. They further pointed out that a similar approach as SAFT-VR Mie 34, 35 seems to be necessary in order to accurately predict speed of sound, since the dP/dV derivative is predominantly influenced by the hard-sphere term and its incorrect slope with respect to pressure is possibly caused by the chain term, both of which are largely influenced by the radial distribution function. The similar incorrect slope of residual isochoric heat capacity and isothermal compressibility with respect to molar density from the chain term contribution were shown in the work of Llovell and Vega, 38 in which they conducted the same term contribution analysis for these two properties for short and long, nonassociating and associating chain compounds. They concluded from this analysis that association played a dominate role in heat capacities (and other energetic properties) for relatively short associating chains.
On the basis of the literature investigations above, the SAFTtype models (the SAFT framework) seem to provide a "theoretically correct" approach to describe the firstand second-derivative properties simultaneously. The differences depend mostly on segment potentials, parameter estimation procedures, and the number of adjustable parameters used.
MODELS
In this section, the SRK, CPA, and sPC-SAFT EoS are used to evaluate the performance on the speed of sound. The CPA EoS, proposed by Kontogeorgis et al., 13 is a model based on the SRK (or other cubic) EoS, widely used in the petroleum industry (e.g., for mixtures with gases and hydrocarbons), and on the SAFT theory for describing associating mixtures in a theoretically correct way. The CPA model reduces to SRK in the absence of hydrogen bonding compounds (water, alcohols, acids, etc.), thus achieving a balance between accuracy and simplicity and gaining acceptance in the oil, gas, and chemical industries. The main difference of these two models for nonassociating components comes from the parametrization. The critical properties and acentric factor are used in the SRK, while the pure component parameters of CPA are regressed from vapor pressure and liquid density. Besides simplicity and accuracy, the numerical implementation of the association term ensures that the computation time is not much higher than that of SRK and other simple models. 33, 47, 48 The CPA EoS can be expressed for mixtures in terms of pressure P as
Where ρ is the molar density (ρ = 1/V m ). The details of SRK and CPA can be found in the book of Kontogeorgis and Folas. 33 The sPC-SAFT model was proposed by von Solms et al. 18 in order to simplify and reduce the computational time for the PC-SAFT EoS. In this respect, it is not a new EoS, rather a simplified version in terms of mixing rules of the original PC-SAFT EoS, 16 which means that the pure component parameters of the original and simplified PC-SAFT are the same. This work is mainly related to the dispersion term, and other terms can be found in the original literature or the book of Kontogeorgis and Folas. 33 3.1. Dispersion Term. The Helmholtz energy for the dispersion term is given as the sum of a first-order and a second-order term: 
Where x is the reduced radial distance around a segment (x = r/σ), u(x) = u(x)/ε denotes the reduced potential function, and g hc (m; xσ/d) is the average segment−segment radial distribution function of the hard-chain fluid with temperaturedependent segment diameter d(T). Two important points are now the following: (i) the radial distribution function chains (rather than segment functions as before) and (ii) expressions for the two integrals, given below as power series in reduced density.
3.2. Average Absolute Deviation. In this work, the (percent) average absolute deviation is defined as
where Ω is vapor pressure, liquid molar volume, or speed of sound.
4. PRELIMINARY COMPARISON OF SRK, CPA, AND PC-SAFT Although some calculations of the SRK, CPA, and sPC-SAFT EoSs have been reported for the speed of sound for alkanes, 46, 49 it is still worth performing an extensive comparison for these models over wide temperature and pressure ranges. In this work, the performance of these three models on speed of sound is evaluated for the normal paraffins from methane to neicosane (n-C 20 ), n-tetracosane (n-C 24 ), and n-hexatriacontane (n-C 36 ) over wide temperature and pressure ranges against the experimental or correlation data based on the available literature. The pure component parameters of CPA can be found in the book of Kontogeorgis and Folas, 33 and those of PC-SAFT can be found in the original literature. 16, 59 The vapor pressure and saturated liquid density data is taken from the DIPPR correlations 50 in the reduced temperature range [0.45, 0.9] for consistency and easy comparison with other models, while the speed of sound data of methane to n-decane is taken from the NIST database, 51 and those of other long chain molecules are taken from the literature. [52] [53] [54] [55] [56] [57] [58] 60, 61 The typical shapes of the constant temperature speed of sound curves from the three models are shown in Figures 1−3 , from which it can be seen that sPC-SAFT performs better on capturing the curvature, although SRK or CPA have a better % AAD in narrow low pressure ranges for some cases, such as hexane at 300 K in Figure 2 . This is because the cancellation of the errors from the underpredicted to overpredicted regions. According to the investigation of Villiers, 45, 46 it is due to sPC-SAFT providing a good description of the derivative of pressure with respect to volume, which is the dominant term in the speed of sound calculation. Not surprisingly, CPA performs significantly better to SRK as liquid density is used in parameter fitting procedure, which leads to a better description of speed of sound, as expressed in eq 1. It is shown in Figure 4 , however, that the superiority of CPA over SRK is much smaller than that of sPC-SAFT over CPA, which indicates that the model itself is more important than the parameter fitting. The detailed %AAD information of vapor pressure, liquid density, and speed of sound of these three models are supplied in Table S1 in the Supporting Information. 
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APPROACHES TO IMPROVE THE PERFORMANCE
OF PC-SAFT FOR THE SPEED OF SOUND PC-SAFT could be taken as a good start to calculate the speed of sound due to its capability of capturing the curvature as discussed above. In this work, we have studied two approaches: (i) putting speed of sound data in the pure component parameters estimation; (ii) putting speed of sound data into both universal constants regression and pure component parameter estimation. They are denoted as approach 1 and 2 hereafter in this work.
5.1. Objective Function and Data. The objective function used in this work is The details of temperature and pressure ranges and how many data points can be found in Table 2 and Table S1 in the Supporting Information. 5.2. Approach 1: Putting the Speed of Sound into Pure Component Parameters Estimation. To improve the performance of PC-SAFT for the speed of sound, an intuitively feasible approach is to take these data into consideration in the parameter fitting procedure, as mentioned by Laffite. 34 The speed of sound data from saturated methane to n-decane 51 and compressed n-undecane to n-hexatriacontane are used to estimate the pure component parameters, which along with the %AAD of vapor pressure, liquid density, and speed of sound are listed in Tables 1 and 2. There are two columns for the Table 2 , and the one with u (s) means that the %AAD is calculated for saturated speed of sound data, since this data is used to fit the parameters for methane to n-decane. The two avg rows in Table 2 are for methane to n-decane and for methane to n-hexatriacontane, respectively, since the data of methane to n-decane are used to readjust the universal constants. The large %AAD vapor pressure of n-hexatriacontane is mainly because its vapor pressure from DIPPR Figures 5 and 6 , the speed of sound calculated from the original sPC-SAFT model does not deviate qualitatively very much from the experimental data curve. Thus, it is speculated whether it is possible to "rotate" or "move" somewhat the calculated curve in order to match the experimental results better by putting the speed of sound data into the universal constants regression.
It can be seen from eqs 15 and 16 that only 14, i.e. {a 0i } and {b 0i }, of the 42 universal constants need to be fitted for methane if its segment number is fixed to 1. On the other hand, as shown in Figure 1 , sPC-SAFT can predict the speed of sound for methane with good accuracy. So we propose to fit the universal constants and pure component parameters in two steps. In the first step, the universal constants and pure component parameters are regressed for methane using an iterative procedure as shown below: The original {a 0i } and {b 0i } provide good initial estimates for the regression. In the second step, only the differences of the coefficients from those of methane need to be regressed, i.e., the sum of the last two terms of eqs 15 and 16. The same procedure is applied for ethane to n-decane, but an additional step is needed to fit the coefficients to segment number m after getting the individual coefficients, in which step 28, i.e. {a 1i , a 2i } and {b 1i , b 2i } in eqs 15 and 16, of the 42 universal constants can be fitted. This procedure makes it possible to use the original universal constants as good initial values safely. The same data, saturated liquid speed of sound data of methane to n-decane, and the same objective function (18) are used for both universal constants regression and pure component parameters estimation, which are solved by a Levenberg−Marquardt algorithm. 62 Convergence here means that the changes of overall %AAD of the three properties or the changes of the pure component parameters are very small, for instance less than 1.0 × 10 −3 . It is unavoidable to arrive to multiple local minimum points when the problem has several parameters, as discussed later in the Discussion section. Thus it is a good strategy to decrease the tolerance in the convergence criteria error gradually and to keep the curves on reasonable trends which can be controlled by carefully choosing boundaries for the coefficients.
The new universal constants can be found in Table S2 in the Supporting Information, and the pure component parameters and %AAD of the three concerned properties (P sat , ρ, u) are also shown in Tables 1 and 2 along with the other two approaches. The speed of sound of saturated and compressed n-hexane and compressed n-pentadecane are shown in Figures  5−7 with the three approaches.
PRELIMINARY RESULTS OF METHANOL
It is worth investigating the impact of the new universal constants on associating compounds such as methanol. The same three approaches are used for methanol using the 2B association scheme and the %AAD of vapor pressure, liquid density, and speed of sound are reported in Table 3 . The same temperature range and source data as for SAFT-VR Mie model 35 are used in order to compare the PC-SAFT and SAFT-VR Mie.
It is seen from the results in Table 3 that approach 1 can give very good %AAD for all three properties, which was also observed by Villiers. 46 These results are comparable to those calculated from the SAFT-VR Mie model 35 with one pure component parameter less. Meanwhile, Approach 2 could indeed capture the curvature of speed of sound a bit better as shown in Figure 8 .
DISCUSSION
Approach 1 offers small improvements on the speed of sound but yields poor vapor pressures and liquid densities, especially for methane to n-decane, as shown in Table 2 . Similar results were obtained in the works of Villiers 45, 46 and Laffite. 34 With approach 2, significant improvements are obtained both in terms of accuracy and reproducing the curvature of the speed of sound, as seen in Table 2 and Figures 5−7 , with a small loss in accuracy for vapor pressures and liquid densities. Compared to the SAFT-VR Mie model, 34 our approach is slightly inferior on both saturated liquid density and speed of sound based on the limited data from their work but is better on vapor pressures. The average %AAD of vapor pressure and liquid density of the same n-alkanes from SAFT-VR Mie model are 5.0% and 0.6%, respectively, while the reported average %AAD of speed of sound was close to 2%. (The condensed liquid density data was used in parameter estimation for SAFT-VR Mie). Meanwhile our model captures the speed of sound curvature a bit better, especially in high pressure ranges, comparing to the corresponding figures for n-pentadecane in the SAFT-VR Mie work. 34 There are only three pure component parameters for nonassociating components in our approach.
Due to their clear physical meanings and the same PC-SAFT framework, it can be seen from Table 1 that the three pure component parameters obtained from all three approaches are close to each other and follow similar trends with molecular weight. As shown in Figure 9 , the parameters m, mσ 3 , and mε/k of approach 2 are all linear functions of molecular weight, which allows the prediction of parameters for heavier molecular weight compounds from knowledge of similar shorter chain compounds. 33 The detailed linear correlations of these parameters from all three approaches can be found in Table  S3 in the Supporting Information.
For short associating compounds, e.g. methanol, as shown in the work of Llovell and Vega, 38 the association plays an important role in derivative properties. From the parameter estimation point of view, two additional parameters give significant flexibility to fit the experimental data. As shown in Table 3 , approach 1 yields better overall %AAD than those of both original and approach 2 models. We can see that the parameters with approach 1 differ more than those of approach 2 compared to the original ones. As argued by Lafitte, 35 any theory with a certain degree of complexity including several characteristic parameters must face the presence of several local minima for the fitted parameters. The resulting values after any correlation depend to a great extent on a priori conditions imposed on the parameters, as their physical meanings and the choice of the objective functions. Hence, the values of the parameters will depend strongly on what we want to estimate and to the expected degree of accuracy. Similar results were reported by Avlund. 64 This fact reveals that it is a good strategy to find a better solution with more inherently different constraints, for instance by putting second derivative properties into the parameter fitting procedure, when there are extra parameters, such as association energy and volume here, and interaction width in the SAFT-VR model. However, for considerable long associating chain molecules, i.e. longer than 1-hexanol, Approach 1 offers a small improvement on speed of sound with lager deviations on primary properties (brief results are supplied in Table S4 in the Supporting Information). This is because the dominant contribution is turned to be the chain length for long chain molecules, which is consistent with the results of Llovell and Vega. 38 To test the overall performance of approach 2, we calculated the molar volumes, isochoric and isobaric heat capacity, speed of sound, and the derivative of pressure with respect to volume in the same temperature and pressure ranges of speed of sound in Table 2 for methane to n-decane. These properties are directly involved in eqs 1−3, and these calculations are predictive. As shown in Table 4 , approach 2 improves the speed of sound and the derivative of pressure with respect to volume while deteriorating the molar volume and isobaric heat capacity. Both models give comparable isochoric heat capacity, which reveals that the new approach does have impact on the derivatives of Helmholtz free energy with respect to volume, but less so on temperature related derivatives from eqs 1−3. 7 It is interesting to see that the original PC-SAFT describes the isobaric heat capacity for hydrocarbons very well, but it can be shown that that the new approach gives comparable isobaric heat capacity results as SAFT-VR Mie 34 (See the Supporting Information for detailed isobaric heat capacity calculation results of these three models 65−67 ). In the next step, it is worth investigating how the performance of the models on the derivatives of Helmholtz free energy with respect to temper- ature can be improved. As studied by Villiers, 45 the original SAFT 23, 24 gives better isochoric heat capacity than PC-SAFT. Inclusion of isochoric heat capacity data into both universal constants regression and parameter estimation may be a useful approach for obtaining better parameters.
CONCLUSION
In this work, the performance of the SRK, CPA, and sPC-SAFT EoS is evaluated for speed of sound of normal alkanes and methanol. The results reveal that (i) none of the models could describe the speed of sound with satisfactory accuracy; (ii) fitting parameters to experimental data could improve the speed of sound for chain molecules, i.e. CPA performs better than SRK; (iii) sPC-SAFT is superior to SRK and CPA from both the accuracy and the curvature points of view over wide pressure ranges due to its theoretically more correct physical term. This indicates that the functional form of the model is more important than the parameter fitting strategy. So the sPC-SAFT model was chosen as the starting point for developing an approach for speed of sound. First, the inclusion of speed of sound data into pure component parameters was tested. This approach could not improve the description of speed of sound for normal alkanes even at the cost of loss of accuracy for vapor pressure and liquid density. Second, a general approach was proposed to integrate the speed of sound data into both the universal constants regression and the pure component parameters estimation. The new universal constants and the corresponding pure component parameters significantly improve the speed of sound calculations while obtaining acceptable vapor pressure and liquid density. The new parameters exhibit good linear correlation functions for m, mσ 3 , and mε/k with molecular weight. Although use of the new approach gave comparable isobaric heat capacity results as SAFT-VR Mie, they both perform less satisfactorily than original PC-SAFT for the investigated normal hydrocarbons. However, the accuracy of the isobaric heat capacity for the investigated components in this work is acceptable in many real applications. The similar isochoric heat capacity results with PC-SAFT using the new and old universal constants show that the parameters presented here have little impact on the temperature derivatives, which is consistent with the observations from Villiers 45 that the original SAFT model gives better isochoric heat capacity description. The investigation of methanol shows that PC-SAFT could give satisfactory results when putting the speed of sound into the pure component parameter fitting, although using the new universal constants indeed improves the trend, especially at the high pressure regions. This fact reveals that better results could be obtained by putting the second derivative properties into parameter estimation if there are extra fitting parameters, i.e. association energy and volume here and the interaction width of the SAFT-VR model in the important terms.
■ ASSOCIATED CONTENT * S Supporting Information %AAD of vapor pressure, liquid density, and speed of sound comparison between SRK, CPA, and PC-SAFT for hydrocarbons (Table S1 ), the new universal constants (Table S2) , the linear correlations of the three pure component parameters of hydrocarbons against molecular weight (Table S3 ), the % AAD of the same properties comparison between different approaches for primary alcohols (Table S4) , and the isobaric heat capacity comparison between original PC-SAFT, approach 2, and SAFT-VR Mie (Tables S5 and S6 ). This material is available free of charge via the Internet at http://pubs.acs.org. R = gas constant T = temperature P = pressure V = total volume Z = compressibility factor u = speed of sound C V = isochoric heat capacity C P = isobaric heat capacity A r = residual Helmholtz free energy a r = molar residual Helmholtz free energy m = segment number x = molar fraction d = temperature-dependent segment diameter g ij hs = radial distribution function of hard sphere fluid I 1 , I 2 = dispersion terms in eqs 16 and 17
Greek Letters ρ = molar density σ = segment diameter (T independent) ε = segment energy η = packing fraction 
